The chairman and contributors are members of the l~orking The present status of research was discussed, and recommendations for future work were made. Particular emphasis was placed on the need for additional experimental work to develop confidence limits leading to acceptable probability statements of critical pathways for determining the dose-to-man.
INTRODUCTION
The purpose of atmospheric transporl:
to provide estimates of concentration and and diffusion calculations is surface deposition from routine and accidental releases of pollutants to the atmosphere. These calculations provide the link between emjLssions to the atmosphere and direct or indirect pathways to man important for dose calculations.
To focus the discussions of this working group, Nuclear Regulatory Commission (NRC) Regulatory Guides 1.109]' and 1.1112 were distributed to participants ahead of the meeting. In addition, the meteorological aspects of these Guides were presented as the first talk during the meeting of the working group. Key assumptions and methods were identified, tentative accuracy statements apprcjpriate to these methods were suggested, and recommendations to improve NRC methods (keeping in mind the objectives of the Regulatory Guides) and for further research were developed. In addition to the presentation of the NRC Regulatory Guide methods, there were also presentations orL the methods used by Environmental Protection Agency (EPA) personnel and used in WASH-1400.3
The most commonly used atmospheric concentration calculational method is the Gaussian plume equation. This is an empirical formula which is based on an analytical solution to the diffusion equation under the assumptions of constant wind sFleed,no wind shear, flat topography, and Fickian diffusion. It has shown considerable success under ideal field test conditions. Such a distribution can also be assumed from a statistical consideration. The equation for a continuous point source is (1) where: Neither of these latter two documents has been finalized or published yet.
The rest of this report from the Atmospheric Working Group consists of a series of short topical summaries important to the atmospheric calculations.
The working group as a whole discussed each one of these topics under the guidance of a discussion leader.
STABILITY CATEG12RIES

Pasquill Curves
The most widely known method for determining atmospheric stability categories is the one originally proposed by F. PasquillG presented one set of o and Oz curves which has become Y widely accepted. These estimates were adapted by Giffordlq and Turner.7 The data on which these curves were based were obtained at ground level at distances of less than 1 km. The ori;ginal tentative nature of these curves has been forgotten by many users; for example, these curves have been extrapolated to releases at great heights and to 100 km from the It is expected that the scatter in these data will be somewhat reduced when these particular calculations are corrected for the time-dependent release of 65Kr instead of using a uniform release rate for the month.
For complex terrain or meteorological situations (e.g., sea breeze regimes) a few experiments have indicated~departures from estimates from the Pasquill-Gifford curves of more than a factor of 10. However, there are insufficient data upon which tc)base even a "scientific judgment IIestimate of accuracy.
Recommendatic~ns
The use of at least two sets of Oy and Uz curves was recommended.
One set should be used for surface releases. The Gaussian plume models must be validated against atmospheric concentrations to distances greater than 10 km, for greater ranges of stability, and in complex terrain. It is also desirable to measure atmospheric concentration as a function of height in order to determine u as an explicit function of downwind distance, and as a basis for z examining the appropriateness of the reflection boundary assumption.
BUILDING WAKES Status
The NRC guidelines include a building wake correction to the Gaussian plume equation. This correction for a Gaussian plume is indicated as:
where A is the minimum cross sectional area of the building (m2). The term (7ro0 + 0.5 A) is only permitted tcjhave a maximum value of ZY 3 ffzuy. For sector-averaged concentrations, the Oz term is replaced + by (o':+ 0.5 D2/m) as long as this is equal to or less than &az.
The symbol D stands for the height (in m(sters) of the building. This relationship has been determined from limited field tests of diffusion around buildings, and from a larger series of wind tunnel
tests. An isolated building has been assumed.
The accuracy of a building wake correction is difficult to estimate.
The rough estimate might be a factor of t2 for routine releases at distances close enough to the building to be influenced by the wake. The use of a building wake correction is probably satisfactory for accidental releases, provided that the release is longer than a few minutes in duration and the wind speeds are greater than 1 m/see.
Recommendations
It is recommended that the NRC Guides be continually reexamined as new data become available. More field experiments, particularly in stable and unstable light wind conditions, need to be performed.
Currently, a set of experiments is being cclnducted by the NOAA staff at Idaho Falls, Idaho. In addition, some of the wind tunnel data should be reexamined for appropriate scaling. Recent information indicates that the mixed depth should be one of the scaling parameters in such studies, which has not been reported in published wind tunnel work on building wakes.
BUOYANT PLU~!E FIISE
The NRC guidelines make use of the work of Briggs18 as adapted by
Sagendorf. lg Basically, a few minor corrections were suggested for Sagendorf'slg adaptation, but nothing of substance. The working group essentially accepted the methods being used by NRC from the above two references.
As the focus in these discussions was on the NRC Guidesl'2 and nuclear power plants, the actual use of t:heplume rise formula is not too critical for calculations related to routine operations at nuclear facilities. These facilities seldom have either buoyant or large momentum fluxes associated with their routine plumes; and, thus, the resulting concentration calculations are not very sensitive to methods for plume rise calculations.
!IIXED-LAYER DEPTH
The depth of the mixed layer becomes important as a lid for verti-' cal diffusion calculations. The most widely used summaries of mixedlayer depth are those prepared by Holzworth.20 layer depth, Holzworth20 has taken the 1;?00CUT balloon temperature sounding), added 5°C to the temperature, and extrapolated dry adiabatically A large body of National \Veather Service data has been used in these calculations, and Holzworth has published contour maps for the United
States of monthly averaged morning mixed depths and afternoon mean maximum mixed depths.
Several shortcomings for the above method of obtaining mixed depths are obvious: the mixed depths represent only one time of day and are not necessarily the average for the whole afternoon or the whole morning, Also, the intersection of the dry adiabatic line and the RAOB may be very oblique; the top of the mixed depth defined in this way may not be a "lid" to the vertical mixing, but a height above which the diffusion rate may just slow down. Furthermore, if radiation or advection causes the temperature profile to vary by as little as 1 to 2°C from the 1200 CUT RAOB, the calculated afternoon mixed depth may be in error by 50 percent or more, depending on the lapse rate (Pendergastzl). The choice of a 5°C addition to the surface temperature to obtain the morning mixed depth is also somewhat arbitrary; yet a difference of~l"c can cause differences in the mixed depth of as much as 200 m.
The calculated atmospheric concentrations at distances greater than about 50 km (depending on stability category and height of release)
are inversely proportional to the mixed clepth used in the calculation.
Under these conditions, an error in mixing depth would cause a corresponding error in air concentration.
Recommendaticlns
It is recommended that these mixed depth heights be measured with either temperature or acoustic sounders, and that research be performed to develop diurnal mixed-depth data (from measurements) for different locations and for different seasons. A criterion for defining a "lid" versus a slower rate of diffusion should also be developed.
REIIOVAL AND SUSPENSION
Status
During the past decade, a number of advances have been made to understand and quantify removal and resuspension processes. Generally, the NRC Guides "2 have used older methods to describe dry deposition (Markee22) and wet removal (Engelmann23).
In the Guides, resuspension is not treated explicitly, nor do any of the methods discussed in the Guides (or in this section) include gravitational settling of large particles (say >10 Urn), as release of large particles from reactors is not probable.
To parametrize dry deposition and resuspension, regardless of the method used to describe the contaminant's air concentration, two boundary conditions must be specified at the interface between the atmosphere and the surface medium. One inviolable condition is equality of the normal components of the fluxes in the two media at the interface. For the special case that the net flux past the interface is zero, then only the single (reflection) boundary condition is needed. For the general case, there are a number of alternative parameterizations for the second boundary condition. Some of these are listed in Table 2 .
Dry Deposition
TO describe dry deposition, the NRC Guidesl'2 use Calder's parametrization (cf. Table 2 ). This method is a replacement of the flux gradient relationship with a deposition velocity times surface concentration.
With this formulation, no account is taken of processes such as resuspension or molecular diffusion of gases. Yet, field measurements of F and x (usually Xb instead of Xi) include all of these processes. Thus , v; becomes a "lumped" parameter which is usually only applicable to the particular situation of measurement.
For a gas like molecular iodine, which reacts rapidly and irreversibly with the surface, field measurements of deposition in grass (converted to a unit area of soil surface) typically give deposition velocities (vd) of a few cm/sec. This indicates that flux is limited by transfer through the atmosphere.
Through the constant flux layer, the transfer velocity is about u~/; where u* is the friction velocity. Typically, u~/~is a few percent of the mean wind speed. This explains the frequent use of a value for v d of a few cm/sec for annual average estimates. This value is appropriate for material whose deposil:ion is limited by transfer through the constant flux layer. SensitjLvity studies have been F=v:xi However, more research is definitely needed because uncertainties of about a factor of 10 remain for the dry deposition of submicron particles. This type of deposition depends on particle size and canopy characteristics. Similarly, although there have been both experimenta13G'37 and theoretica13 E'3g'h0 progress in the study of particle resuspension, there remain uncertainties of many orders of magnitude.
Liet Removal
To describe wet removal processes, the NRC Guidesl'z recommend methods described by Engelmann.23 However, more recent results have shown clearly that there is no major difference between below-cloud and in-cloud scavenging; in particular, the data of Radke, et al.41 show the necessity for accounting for particle growth by water vapor condensation beneath clouds. Simpler fc)rmulae to describe wet removal of particles have been developed42 and j.nadequacies of older methods for describing wet removal of gases have been shown both experimentallyq3
and theoretically. ''4545 Further, a wealth of new data for washout ratios has been obtainedqG'Q7 and can be used to define a wet deposition velocity for both particles and gases.48 This wet deposition velocity, Vw, was introduced by Slinn as follows: (4) where ( 
Accuracy Estimates
In a recent survey paper,48 accuracy estimates for state-of-thescience parameterizations for resuspension and for wet and dry removal were presented. For annual-average predictions, the accuracies were estimated to be as follows: (i) a factor of 2 to 5 for Vw given p;
(ii) a similar factor for vd for reactive or highly soluble gases (e.g., HT02, S02, and 12), worse than a factor of ten soluble gases and submicron particles; and (iii) many magnitude uncertainty for the resuspension velocity.
case, parameterizations for wet and dry removal would for slightly orders-ofFor the accident have accuracies similar to the long-term average estimates if the trajectory of the pollutant could be well specified. However, as this is not presently feasible, order-of-magnitude poorer desc-riptions of the removal processes can be expected for the accident case than for routine releases.
These estimates of the accuracies reflect current capabilities; the reliabilities of the older methods used in the NRC's Guidesl '2 are not as good. The description of the dry removal of reactive gases (such as I.z)has improved only slightly, but improvements in the descriptions of the wet and dry removal of particles and all other gases have improved substantially. These improvements should be incorporated into the NRC Guides if they are to be used for materials other than molecular iodine.
The deposition and depletion curves in the NRC Guides are from one particular diffusion calculational ml~del. NRC permits several different diffusion models for air concentration calculations. For consistency, it is desirable that the same model be used for all types of calculations.
Recommendations
Research is needed to improve these parameterizations and to obtain more reliable estimates of accuracifss. There are order-of-magnitude unexplained differences among different experimental results for the rain scavenging of submicron particles. There are almost no data available for snow scavenging of particles, uncontaminated by simultaneous dry deposition. Particle modifications i~nd gas reactions and attachment to particles in the atmosphere need substantial further study. Realistic descriptions of the properties of particles and cases at release are also needed. Dry deposition of submicron particles and slightly reactive gases to vegetative canopies and water bodies needs much further study.
Resuspension velocities or rates as functions of time since deposition, and of soil and meteorological conditions are needed to reduce uncertainties in parameterizations. Thu S , in summary, and repeating recommendations stated in other recent workshops reports, 2g'4g'50'51 more data are needed to test existing models and, almost certainly, improved models must be developed to couple removal and resuspension to diffusion.
The practical needs of the user and the availability of local input data to the models must be kept in mind. during the research program.
GAMMA DOSE
The application of atmospheric transport calculations to the evaluation of external gamma-ray dose near nuclear facilities was discussed Studies, in which measured long-term average external gamma-ray exposures within 10 km of nuclear facilities have been compared to calculations using Gaussian plume models, have usually indicated agreement to within about a factor of two.
52>53,54,55Y56~57
REGIONAL AND CONTINENTAL MODELS
The NRC guidelines (Reg. Guide 1.111)2 for routine releases permit the use of both conventional Gaussian plume models and several alternative kinds of atmospheric transport and diffusion models, particularly for situations such as multi-day long-range transport for which straight-line, steady-state, Gaussian-plume models should not be expected to apply.
Any of several categories of such models are acceptable, and indeed may be preferable to the Gaussian model form:s, subject to the NRC's regulatory position that !Ithepreferred model !LS that which best SimUlateS atmospheric transport and diffusion in the region of interest ... considering the meteorological characterist~Lcs of the region, the topography, the characteristics of the ... source ancl ... recepter, the availability and representativeness of input data," etc.
Particle-in-C(!ll
Particle-in-cell (PIC) models simulate the atmospheric dispersion by the calculation of trajectories of many particles emitted as a function of time from a particular point source (see Sklarew58) . The concentration is determined by counting the number of particles per unit volume.
The advantage of such a particle and cell method is that complex can be treated explicity; there is no numerical pseudo-diffusion 
Trajectory
Another class of models is the trajectory models, where time-and space-dependent wind fields are used to calculate trajectories for either puffs or plume segments. These codes are exemplified by the work of HeffterGO and Wendell, et al.Gl For short-range, short-term calcu- lations, these models may use on-site or near-site hourly meteorological data (e.g., the MESODIF modelG2 ); for long-range and for long-term computations, they may use routinely available NWS 12-hourly upper-air data.
Some models assume uniform concentration through the depth of the mixed layer; other models explicity represent the vertical concentration profile as a solution to the vertical diffusion equation. Trajectory models are most practical for small numbers of point sources. Their storage and execution times grow linearly with the number of sources and can easily become unmanageable; therefore, these models may be impractical for area-type sources.
Grid (Eulerian)
A third class is the grid or EUleriEln models, where numerical solutions are obtained to the advection-diffusion equation on a grid network.
These models have the advantage of being able to handle many sources simultaneously, with little or no cost penalty for multiple sources, but have the disadvantage of inadequate near-field representation of point sources. Computer storage, execution time, and numerical diffusion problems are also typical disadvantages of sc)meof these models, although special approaches are available to minimize numerical diffusion. Grid models allow the treatment of time-and space-dependent meteorology, transport over distances greater than thc)se for which the Gaussian plume model is applicable, and permit the consideration of a variety of complex meteorological or topographical situations, removal processes, etc., for which the Gaussian plume equation would not be expected to apply.
Accuracy Estimates
In general, there is as yet insufficient validation for these three classes of models to permit useful general conclusions about their accuracy ranges for different averaging times, spatial scales, characteristic meteorological regions, etc. At one extreme, preliminary assessment of unpublished radionuclide transport data around the Savannah River Plant suggests, for example, that the annual average accuracy of some of these models is of the order of a factor of t4 in relatively flat terrain at distances of the order of 100 km.
These preliminary comparisons indicate about the same accuracy as obtained with the simple wind-rose models. L!ore complex models may reduce the scatter and out-perform the wind-rose models when final comparisons are done using time-dependent Q (on an hourly basis) instead of assuming a uniform rate for the month. Some recent comparisons of regional-scale trajectory and grid model:; with observational data for sulfur dioxide transport on regional scales are encouraging. Although the data bases are very sparse, they do suggest that general agreement within a factor of two is possible at much longer ranges (500 to 1000 km) and for much shorter averaging times, as little as 24 hours (see, for example, Rae, et al., G3 and Hildy, et al.G4) . Certainly, considerably more research and validation work with these models is needed to clarify their achievable accuracy ranges and the limitations upon their use for regional scale problems before they can be considered as "routinely operational."
Recommendations
The NRC should continue to leave open the option to use these alternatives to the conventional straight-line Gaussian plume model, if justified by further validation experience and by the complexity of the application situation. Wide industrial use of the more complex of these codes is not presently feasible due to the non-user-oriented research nature, elaborate data needs, expert "babysitting" required, and the very large or unusual computational resource requirements of these codes. However, some of the simpler trajectory-type codes (e.g., klESODIF) are quite practical; indeed they are presently being used both by the NRC and by nuclear electric utilities for routine environmental impact assessment purposes. For such assessment, NRC may often require the use of hourly, on-site, multilevel-tower, high-capture-rate meteorological data which are not available from the NWS. Therefore, the routine operation of such a model at a central "service bureau" is probably impractical at present. Furthermore, for assessment purposes, even these simpler models may require a certain amount of modification for local or site-specific features. They certainly will require skilled interpretation in light of the characteristic local meteorology, which argues against "clearing house" routine operation.
To bring some of these codes to more routine operational status, additional development is needed. All of these, codes have to make some assumptions either on the growth of the puff or the segmented plume as a function of time, or on the specification of the horizontal and vertical turbulent exchange coefficients. The basis for these specifications needs to be improved, particularly for long travel distances. Consistent methods must be developed for obtaining input wind field and diffusivity data. This is very important in the multi-level Eulerian codes and the Particle-in-Cell codes. The laws of mass conservation should not be violated in the input wind fields which are used in these codes. Some
Eulerian codes need further improvement to minimize the numerical errors associated with solutions to the advection-diffusion equation and to be able to represent point sources adequately. Most of these codes have large computational requirements.
Techniques to reduce computer requirements for production versions of the codes need to be examined. Lastly, but not least, these codes need to be validated against a statistically significant amount of measured concentration data.
GENERAL CONCLUSIONS
The NRC Guides were written specifically as guidelines for safety and environmental assessments associated with power reactors. Even within these constraints, specific methods must be selected to fit specific situations. All applications of the models should be physically consistent.
In all cases, additional validation against field data is needed.
r working group suspects that a large amount of currently available data have not been analyzed adequately. But, even with thorough analysis of current data, some additional carefully selected experiments should be done. It is recommended that the NRC Guides should be kept flexible and adaptable; however, these Guides should be subject to change as new methods or additional data justify. In all cases, atmospheric scientists need to develop confidence limits on the calculations.
These confidence limits should be based on adequate data bases, not just on scientific judgment as was largely the case in this summary. To use these confidence limits, regulatory agencies should be willing to accept probability statements on the calculations. l\'ith a probability statement associated with each environmental pathway calculation, probability statements associated with the final dose-to-man calculation can be developed and critical pathways identified to show where new information is needed for significantly improving the confidence in the dose-to-man calculation. This latter comment is applicable to all of the pathways, not just to the atmospheric pathway.
